Abstract-The molecular dynamics simulation of the structure and molecular mobility of an individual macromolecule of a fourth generation carbosilane dendrimer with terminal cyanobiphenyl groups in a highly diluted chloroform solution in the range 213-323 K is performed. Upon a change in temperature, the den drimer undergoes structural rearrangement that depends on the ability of terminal segments to penetrate into the dendrimer. At temperatures close to the boiling point of the solvent, aliphatic spacers of terminal seg ments can penetrate deep into the dendrimer. As temperature decreases, the terminal segments are grouped only on the surface of the molecule; this leads to a 45% increase in the number of solvent molecules in the treelike part of the macromolecule. These results make it possible to give a new interpretation of temperature effects previously observed in NMR experiments for dilute solutions of these macromolecules.
INTRODUCTION
A dendrimer is a regular treelike macromolecule that exhibits some unique properties, which are used in various domains of polymer chemistry, biology, and medicine [1] [2] [3] . There are a great number of studies concerning carbosilane dendrimers with ter minal mesogenic groups [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Usually, these stud ies focus on the analysis of the LC states of the den drimer melt that are generated by terminal mesogenic groups [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Studies dedicated to the examination of an indi vidual carbosilane dendrimer with terminal mesogenic groups in a dilute solution were mostly aimed at the analysis of the outer layer of the macro molecule [13] [14] . It was shown that the electro optical properties of terminal mesogenic groups can be accurately described through the properties of a single group multiplied by the number of these groups in the dendrimer. Thus, it was found that, in an electric field, mesogenic groups are oriented almost independently of each other. The melt of a fourth generation carbosilane dendrimer with termi nal mesogenic groups with different lengths of a chain (spacer) that links terminal groups with the dendrimer matrix was investigated [15] . As the length of the spacer increases, the mobility of the mesogenic groups likewise increases and leads to a decrease in the effect of the dendrimer matrix on the orientation of polar mesogenic fragments. However, for carbosi lane dendrimers, the structural properties of the tree like portion, which is usually referred to as the den drimer matrix, are poorly understood.
The temperature dependence of the 1 H NMR spin-lattice relaxation (Т 1 ) for carbosilane dendrim ers with different generation numbers (g = 2-4) with terminal mesogenic groups was studied [16] . It was found that the mobility of the dendrimer matrix seg ments is practically independent of the generation numbers in the dendrimer. This result confirmed the oretical predictions that the local orientational mobil ity of segments within the dendrimer matrix is mostly determined by the contribution of the internal spec trum, which is weakly dependent on the size of the dendrimer [17] [18] [19] .
In [20] , NMR methods were used to analyze a fourth generation carbosilane dendrimer with termi nal cyanobiphenyl groups that were linked through a short aliphatic spacer (Fig. 1) . NMR spectra were studied in detail for both inner groups belonging to the dendrimer matrix and outer groups of the aliphatic spacer. The data on the NMR relaxation of inner (1) and outer (2) methyl groups (Fig. 1b) suggested that the studied dendrimer has a dense surface layer (corona) and a relatively hollow core in the tempera ture range 223-277 K. This structure was theoretically predicted by de Gennes and Hervet [21] . The authors of the first publications on the numerical modeling of dendrimers agree with this result [22] . However, the initial analysis of fairly crude models via Monte Carlo [23] and Brownian dynamics simulations [24] fol lowed by a detailed molecular dynamics simulation ( [25, 26] and review [27] ) showed that the highest den sity of dendrimer units is usually observed in the cen tral core of the molecule and decreases at the periph ery. Only in the special cases when the terminal groups have a large volume [28] or a polyelectrolyte den drimer is located in a solvent with a low ionic strength [29, 30] does the density at the periphery of the mole cule increase.
In addition, an uncharacteristic splitting of the peak in the NMR spectrum during a decrease in tem perature was observed (Fig. 2) [20] . This peak corre sponds to terminal and inner CH 2 groups indicated as 3A and 3B, respectively, in Fig. 1b . This fact suggests that the macromolecule undergoes structural rear rangement upon a change in temperature.
For more detailed research into the effects described in [20] , a numerical molecular dynamics simulation was performed in this study. The structure and mobility of carbosilane dendrimers with different terminal groups in dilute solutions have been previ ously discussed [25, 26, 28, [31] [32] [33] [34] however, a simula tion with terminal cyanobiphenyl groups have not been performed yet.
The aim of this study is to confirm and explain the above effects observed in [20] . A molecular dynamics computer simulation is conducted to analyze the con formational (structural) properties of an individual macromolecule of a carbosilane dendrimer with ter Tables 1-3 to describe the simulation parameters. 1 and 2 are the inner and outer CH 3 groups, respectively; 3A and 3B are the outer and inner CH 2 groups, the neighbors of which are likewise CH 2 groups.
minal cyanobiphenyl groups in a chloroform solution for a wide temperature range (213-323 K).
DENDRIMER MODEL AND SIMULATION TECHNIQUES
Calculations were performed for the fourth gener ation carbosilane dendrimer with terminal cyanobi phenyl groups (64 groups) that were linked to the den drimer through short aliphatic spacers (-СН 2 -) 5 . Figure 1 shows the structural formula of the studied dendrimer. This dendrimer was examined in a cell with 6849 CHCl 3 molecules at a constant pressure (P = 1 atm). The mass concentration of the dendrimer in a model cell was 4 wt %, which corresponded to a highly diluted dendrimer solution because the critical overlap concentration С* = 1/[η] for similar dendrim ers is no less than 8 wt % ([η] is the intrinsic viscosity of the dendrimer, which was measured, e.g., in [13, 14] ). Thus, these conditions are similar to those of the NMR experiment in [20] .
For calculations, we used the AMBER/GAFF force field [35] in which the united atoms CH, СН 2 , and СН 3 are considered and potential energy U is defined as the sum of the energies of all valence bonds, U bond ; the energies of bond and rotation angles, U angl and U rot ; and the energies of van der Waals and electrostatic interactions, U VW and U Q . The parameters used for the molecular dynamics simulation of the carbosilane dendrimer with termi nal cyanobiphenyl groups were refined in accor dance with [36, 37] and are listed in Tables 1-3 ; the respective notations of atoms and atomic groups are given in Fig. 1c . In addition, chloroform atoms were simulated via the united atom model for CH and Cl 3 , which corresponded to the C-H and Cl 3 groups. Charges on solvent molecules and on atoms of the cyanobiphenyl groups were selected so that their total charge was zero and the dipole moments were 1.2 and 5.2 D, respectively.
The simulation was performed in the temperature range 213-323 K with an interval of 10 K for each temperature separately. This interval was chosen because the crystallization temperature of chloroform is 209.5 K and its boiling point is 334.2 K.
For simulation of an ensemble with constant number N of particles, pressure P, and temperature Т (the NPT ensemble), the Berendsen method was used [38] . In addition, special measures were taken to prevent the occurrence of translational and rota tional momenta in the system. Computations were performed with the modified PUMA software [40] . The integration scheme step size was 1 fs; the time of the numerical experiment after the establishment of equilibrium was no less than 4.5 ns for each tem perature.
RESULTS AND DISCUSSION
The calculation of radial density distribution func tion ρ(R) for the dendrimer was conducted in accor dance with the formula ,
where ρ(R) is the average density in the spherical layer at distance R from the center of mass and 〈m(R)〉 is the average total mass of atoms in the layer with volume V(R). It was assumed that the entire mass of the atom is uniformly distributed within its van der Waals radius [25] . Calculations showed that, at high temperatures, the density of segments within the dendrimer remains almost constant (Fig. 3a) . This structure corresponds to the close packing of the macromolecule, and the solvent is uniformly distributed throughout the entire volume of the dendrimer. A decrease in temperature leads in the dendrimer to the formation of a free space, which is filled with solvent molecules (Fig. 3b) . The density of dendrimer segments in the matrix decreases down to 50% of the close packing observed at high temperatures.
The temperature dependence of the number of sol vent molecules located within the dendrimer matrix was estimated. To this end, we calculated the average number of solvent molecules located within a sphere with a 2 nm radius measured from the center of mass of the dendrimer (Fig. 4a) . It is important that the number of solvent molecules within the dendrimer matrix at the maximum temperature difference increases by ~45%. In addition, the concentration of all terminal seg ments on the surface of the dendrimer leads to a slight "swelling" of the dendrimer with a decrease in tem perature. As a result, the gyration radius of the den drimer increases from 2.2 to 2.3 nm (Fig. 4b) .
This effect is directly attributed to the location of terminal segments in the macromolecule (Fig. 5) . At high temperatures, some of the terminal groups pene trate into the dendrimer matrix. However, bulky mesogenic groups are not located within the matrix; it contains only aliphatic spacers that link the groups to the matrix. This leads to a more uniform distribution of the segments of the macromolecule. Note that this distribution of terminal groups is typical of dendrimer structures, as observed in the simulation of dendrimers via different methods [23-27, 41, 42] .
The concentration of terminal segments at the periphery at a low temperature is regarded as unchar acteristic. This structural rearrangement of terminal segments is most probably caused not only by the vol ume interactions of the terminal mesogenic groups with the dendrimer matrix and between each other but also by a change in the solvent quality with respect to them. As noted above, terminal groups play an impor tant role in determining the intramolecular density of dendrimer units. Upon a change in the size of the ter minal groups, their charge, or the interaction with the solvent, they can either penetrate deep into the inner regions of the dendrimer to provide a uniform radial distribution of dendrimer units or concentrate on the surface of the molecule to form internal cavities [28, 30, 34] . In this case, a decrease in temperature and hence in the entropy contribution to free energy leads to a change in the solvent quality; however, this effect is selective: It holds true only for terminal groups.
As was found in experiments for hyperbranched carbosilane polymers [43] and later through computer simulation using a simple coarse grained model of a dendrimer [44] , in the event of nonbulky amphiphobic terminal groups, the aggregation of these groups occurs within the treelike portion of the macromole cule. In our case, steric interactions prevent mesogenic groups from "gathering" within the den drimer. Therefore, the terminal groups form clusters on the surface of the dendrimer; this leads to the for mation of a cavity within the dendrimer matrix and to a small increase in the gyration radius with a decrease in temperature (Fig. 4b) .
Below room temperature, the resulting structure (i.e., the presence of a cavity within the dendrimer matrix) is in agreement with the experimental data of [20] . As noted in the Introduction, at these tempera tures, the CH 3 groups of the dendrimer matrix are more mobile than the outer CH 3 groups belonging to the aliphatic spacer [20] .
In addition, the uncharacteristic splitting of the peak with a decrease in temperature was observed in [20] (Fig. 2) . It was determined that the shape of the peak corresponding to СН 2 groups, the neighbors of which are likewise СН 2 (Fig. 1b, groups 3) , strongly depends on temperature. This peak corresponds to the signal of the groups of both the dendrimer matrix and the aliphatic spacer. At high temperatures (320 K), a single peak (A) was observed. A decrease in tempera ture gave rise to a new peak (B). The positions of the peaks were nearly temperature independent. With a decrease in temperature, the integrated intensity of peak A decreases, while that of peak B increases; in addition, the total integral of these peaks remains con stant. NMR relaxation studies revealed that peak B, which occurs during splitting, mainly corresponds to groups of the dendrimer matrix (Fig. 1b, groups 3B) .
The peak position in the NMR spectrum or the chemical shift of peak δ is defined through two main factors δ m and δ s [45] : sible causes of the change in the chemical shift and, therefore, the splitting of peak 3. Initially consider the possible change in δ m and then in δ s .
In the discussed experiment, the chemical struc ture of the macromolecule does not vary, and the pos sible change in δ m can be attributed only to variation in the conformational structure of segments of the den drimer matrix. On the basis of the computer simula tion data derived in this study, we analyzed the confor mational structure of inner segments of the dendrimer matrix, i.e., gauche and trans conformations of the segments, at which the determining factor is the posi tion of three C-C bonds. Other conformations with mutual arrangement of a greater number of bonds were not considered, because they make an even smaller contribution than a change in the gauche and trans structures.
To estimate the average ratio of trans and gauche conformers, the following approximation was used: If the rotation angle was in the range -π/6 to π/6, this segment was classified as a trans conformer; otherwise, it was assigned to the gauche conforma tion. In this approximation, the ratio of gauche and trans conformations was estimated at different tem peratures (Fig. 6c) . It is evident that the inner seg ments are mostly in the trans conformation (80-90%) and the population ratio of the conformations in the studied temperature range (213-323 K) var ies only slightly and cannot cause peak splitting in the NMR spectrum. The actual untypical absence of temperature dependence of the population of conformations is most probably associated with the dominant steric interactions and is caused by a reg ular treelike structure, which must maximally "extend" to decrease the average density of seg ments within the macromolecule or to form clusters of mesogenic groups.
Thus, the splitting in the NMR spectrum can be largely attributed to the effect of the solvent on the CH 2 groups of the inner segments, i.e., to a change in δ s (Eq. (3) ). Taking into account the simulation results, we can assume that an increase in the solvent concentration in the dendrimer matrix is responsible for the nonequivalence of the chemical shifts of the studied CH 2 groups corresponding to peaks A and B. At a high temperature, the solvent concentration is the same throughout volume of the dendrimer, and all the CH 2 groups correspond to peak A. A decrease in tem perature results in an increase in the concentration of solvent molecules in the dendrimer matrix relative to that in the corona; this leads to the appearance of peak B and a change in δ s for the CH 2 groups of the den drimer matrix. Thus, a change in peak δ s is most prob ably due to an increase in the van der Waals interaction between the solvent molecules and the inner segments of the dendrimer; this leads to a shift of peak B in the direction of a strong field [45] , as in [20] .
CONCLUSIONS
The molecular dynamics simulation of the equi librium properties of a fourth generation carbosilane dendrimer with terminal cyanobiphenyl groups in a highly diluted chloroform solution in the range 213-323 K has been performed. To simulate the den drimer, a macromolecule model that takes into account a wide range of interactions, including elec trostatic and steric interactions, was used.
At high temperatures, the density of the den drimer segments is uniformly distributed within the macromolecule. In addition, some of the aliphatic spacers of the terminal segments penetrate into the dendrimer matrix. As the temperature decreases, the terminal mesogenic groups form clusters on the sur face of the dendrimer; this leads to the stretching of the aliphatic spacers from the dendrimer matrix. Owing to this, the free volume within the dendrimer is filled with solvent molecules. The maximum increase in the number of solvent molecules within the dendrimer matrix is 45%. This structural rear rangement leads to a slight change in the size and gyration radius of the dendrimer, by ~5%.
To study the causes of changes in the NMR spec trum of the discussed dendrimer [20] , the statistics of the ratios of gauche and trans conformations for inner segments was analyzed. In the studied temperature range, the segments mostly occur in the trans confor mation and the ratio of gauche and trans conformers changes insignificantly. Therefore, the changes in the NMR spectrum observed in [20] most likely result from an increase in the van der Waals interaction between the inner segments of the dendrimer and the solvent molecules, the number of which within the dendrimer matrix depends on temperature.
